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We propose a mechanism by which the paramagnetic pair-breaking effect is largely reduced in
superconductors with coexisting antiferromagnetic long-range and short-range orders. The mech-
anism is an extension of the Jaccarino and Peter mechanism to antiferromagnetic conductors, but
the resultant phase diagram is quite different. In order to illustrate the mechanism, we examine a
model which consists of mobile electrons and antiferromagnetically correlated localized spins with
Kondo coupling between them. It is found that for weak Kondo coupling, the superconductivity
occurs over an extraordinarily wide region of the magnetic field including zero field. The critical
field exceeds the Chandrasekhar and Clogston limit, but there is no lower limit in contrast to the
Jaccarino and Peter mechanism. On the other hand, for strong Kondo coupling, both the low-field
superconductivity and a field-induced superconductivity occur. Possibilities in hybrid ruthenate
cuprate superconductors and some organic superconductors are discussed.
Recently, superconductivity at high fields exceeding
the Chandrasekhar and Clogston limit [1,2] (Pauli para-
magnetic limit HP) has been examined by many au-
thors [3–9], in connection with experimental data for or-
ganic superconductors [10–15]. In (TMTSF)2X and κ-
(BEDT-TTF)2X compounds in parallel magnetic fields,
the upper critical field exhibits an upturn (d2Hc2/dT
2 >
0) at low temperatures, exceeding the value of HP es-
timated from the zero-field transition temperature Tc
(0)
by a simplified formula HP ∼ 1.86Tc
(0) [10–14]. On the
other hand, in a λ-(BETS)2FeCl4 compound, a field-
induced superconductivity was observed at high fields,
while at zero field it is an antiferromagnetic insulator [15].
There are several possible mechanisms to explain the
critical fields higher than HP. For example, triplet super-
conductivity, the Fulde-Ferrell-Larkin-Ovchinnikov state
(the FFLO state or LOFF state) [16,17], spin-orbit cou-
pling, and a strong coupling effect have been examined.
Among them, the upturn of the critical field can be ex-
plained by triplet superconductivity with dimensional
crossover [7], and also by the FFLO state [3–5]. The
pairing symmetries in organic superconductors seem to
be still controversial [18].
In triplet superconductors, since the orbital pair-
breaking effect is largely suppressed in a parallel mag-
netic field, the critical field of a parallel spin pairing is
much higher than HP. The upturn and a reentrant su-
perconducting transition are predicted by a theory of di-
mensional crossover [7].
The microscopic origin of the triplet superconductiv-
ity has been studied by many authors. For example, on
the analogy of the superfluid 3He, a paramagnon the-
ory based on the ferromagnetic fluctuation appears to
be a natural explanation, but many of the organics are
in proximity to the antiferromagnetic phase. This dis-
crepancy does not exist in phonon mechanisms of the
triplet superconductivity. The anisotropic components of
the pairing interactions are rather large due to the weak
screening effect in the layered systems [19]. Hence, reduc-
tion of the s-wave pairing interaction due to short-range
Coulomb repulsion may give rise to triplet superconduc-
tivity [19,20].
The pairing interactions mediated by antiferromag-
netic fluctuations may also be a mechanism of triplet
superconductivity. The pairing interactions mediated by
antiferromagnetic fluctuations include attractive triplet
channels [21]. Hence, suppression of the singlet super-
conductivity due to some additional mechanism, such as
inter-site Coulomb repulsion or a magnetic field (if it is
applied), may give rise to triplet superconductivity [21].
On the other hand, in singlet superconductors, the
FFLO state is a candidate for the mechanism of the
high-field superconductivity and the upturn of the up-
per critical field. Recently, it was observed in κ-(BEDT-
TTF)2Cu[N(CN)2]Br that the upturn has a tendency to
disappear when the direction of the magnetic field is
slightly tilted [22]. This behavior is consistent with a
theoretical prediction based on the FFLO state. To ob-
tain direct evidence of the FFLO state, observation of
the spatial structure of the gap function by scanning tun-
neling spectroscopy (STS) would be useful [4,5]. Purely
quantitative arguments for the critical field are difficult
because detailed information on the Fermi surface struc-
ture and the interactions is necessary for accurate esti-
mation [23,9,24]. Subdominant interactions presumably
exist in anisotropic superconductors [19,21].
Furthermore, it should be noted that in strong coupling
superconductors, the observed critical fields are larger
than the values of HP expected from Tc
(0) in weak cou-
pling theory, because the ratio Tc
(0)/∆0 is reduced by a
strong coupling effect, where ∆0 is the BCS gap at T = 0
and H = 0.
Jaccarino and Peter proposed a mechanism of
ultrahigh-field superconductivity [25]. They pointed
out that the exchange field created by the polar-
ized rare earth spin cancels the magnetic field in cer-
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tain ferromagnetic metals. The Jaccarino and Peter
mechanism explains the field-induced superconductivity
in EuxSn1−xMo6S8 [26] and probably that in the λ-
(BETS)2FeCl4 compound [15]. An observed temperature
dependence of the lower critical field of the high-field su-
perconductivity in λ-(BETS)2FeCl4 [27] can be explained
by the FFLO state in combination with the Jaccarino and
Peter mechanism.
In this paper, we propose a mechanism by which the
paramagnetic pair-breaking effect is largely reduced in
superconductors with coexisting antiferromagnetic long-
range and short-range orders. The present mechanism
is an extension of the Jaccarino and Peter mechanism of
ferromagnetic metals to antiferromagnetic metals. The
origin of the enhancement of the critical field is due to
a compensation effect similar to that of the Jaccarino
and Peter mechanism. However, the resultant phase di-
agram is quite different for low fields or weak exchange
fields. Possible candidates of the present mechanism may
be found in some of the layered superconductors in prox-
imity to the antiferromagnetic phase.
In order to describe the mechanism, we divide the sys-
tem into a conductive electron system and a magnetic
subsystem of localized spins. We introduce an antiferro-
magnetic exchange coupling between the localized spins,
and Kondo coupling between the electrons and the spins.
This model is called a generalized Kondo lattice model
and a spin fermion model. We consider a multilayer
structure and parallel magnetic fields, in which the or-
bital pair-breaking effect is suppressed.
When the magnetic field is applied to the antiferro-
magnetic long-range order, a canted spin structure oc-
curs. Then, the ferromagnetic moment is induced in the
spin subsystem, and it creates the exchange field on the
mobile electrons, which cancels the magnetic field in the
Zeeman energy term.
In addition to the exchange fields, the localized spins
create the internal magnetic fields, which cause the
Lorentz force in the mobile electrons. We ignore this
additional internal field for simplicity and to concen-
trate on the spin effect. This simplification is quanti-
tatively correct in the case where magnetic layers and
conductive layers are spatially separated. For example,
in RuSr2GdCu2O8 compounds, the ruthenate layers are
distant from the cuprate layers, and the internal mag-
netic field is considered to be weak [28].
We assume the long-range order for simplicity, but the
same effect is expected for the short-range order. Within
the antiferromagnetic correlation length, the cancellation
effect occurs. The fluctuations of the correlated spins do
not change the direction of the exchange field, which is
always opposite to the magnetic field.
First, we consider canted spin structures of the lo-
calized spin system. In reality, the localized spin state
is modified by the mobile electron state, and the total
state should be determined self-consistently [29]. How-
ever, we assume that such modifications are already in-
cluded in the spin Hamiltonian considered below, and
that the canted spin structure exists as a renormalized
state. These assumptions are qualitatively appropriate
for the systems with strong antiferromagnetic correla-
tions.
The spin Hamiltonian is defined by
HJ = J
∑
(i,j)
Si · Sj − 2µ0
∑
i
Si ·H, (1)
where H is the magnetic field. Here, µ0 is the magnetic
moment of the electron, such that 2µ0 = −gµB < 0 with
the Bohr magneton µB and the g-factor. We define sub-
lattices A and B. The spin coordinate is defined in two
ways for convenience. We take the z-axis in the direction
perpendicular to the layers, and the x and y-axes par-
allel to the layers. For convenience in consideration of
the localized spin states, we take z′, x′, y′-axes along the
x, z, y-axes, respectively. We consider the magnetic field
applied in the −x direction parallel to the layers, that is
H = (H, 0, 0) with H < 0.
We assume the classical spins of the magnitude S for
simplicity. This treatment is equivalent to the mean
field theory at low temperatures, when S is replaced
by the spin moment. We define the polar coordinate
(θ′i, ϕ
′
i) to express the direction of the classical spin
on site i in the spin coordinate system x′y′z′, that is,
〈Si〉 = S (sin θ
′
i cosϕ
′
i, sin θ
′
i sinϕ
′
i, cos θ
′
i). When we con-
sider quantum spins, the influence of the shrinkage of the
spins due to the fluctuations can be partially taken into
account by the replacement of S with M = |〈Si〉|. The
energy of the localized spin part 〈HJ 〉 ≡ EJ is written
as
EJ = JS
2
∑
(i,j)
(sin θi sin θ
′
j cos(ϕ
′
i − ϕ
′
j)
+ cos θ′i cos θ
′
j)− 2µ0HS
∑
i
cos θ′i,
(2)
which becomes minimum when ϕ′i = ϕ
′
j + π for i ∈ A
and j ∈ B, and θ′i = θ for any i, where θ is an angle such
that
cos θ ≡
µ0H
zJS
(3)
for |µ0H | ≤ zJS, and θ = 0 for |µ0H | > zJS. The min-
imum value is EJ = −zNsJS
2[1 + 2(µ0H/zJS)
2]/2 for
|µ0H | ≤ zJS, and EJ = −zNsJS
2[−1 + 4µ0H/zJS]/2
for |µ0H | > zJS. Here, z and Ns are the number of near-
est neighbor sites and the total number of lattice sites,
respectively.
Next, we consider the effective Hamiltonian for the mo-
bile electrons, which is defined by
He = H0 +HK (4)
with
H0 = −t
∑
(i,j),σ
c†iσcjσ − µ
∑
i,σ
c†iσciσ
−
∑
i,σ1,σ2
µ0H · (c
†
iσ1
~σσ1σ2ciσ2)
(5)
2
and
HK = JK
∑
i,σ1,σ2
Si · (c
†
iσ1
~σσ1σ2ciσ2). (6)
Here, we have omitted pairing interaction terms in
eq. (4) [30], since our purpose is to examine the modifi-
cation of the electron dispersion relation by the exchange
fields. In terms of the interlayer hopping energy t⊥ and
the on-site Coulomb repulsion on the magnetic layers Um,
the Kondo coupling is written as JK = t
2
⊥/Um > 0 within
a second-order perturbation theory.
In the background of the canted spin structure of the
magnetic layers, HK is rewritten as
HK = JKS cos θ
[∑
i∈A
(a†i↑ai↓ + a
†
i↓ai↑)
+
∑
j∈B
(b†j↑bj↓ + b
†
j↓bj↑)
]
+ JKS sin θ
×
[ ∑
i∈A,σ
σa†iσaiσ −
∑
j∈B,σ
σb†jσbjσ
]
,
(7)
where we have defined the electron operators aiσ and bjσ
on the sites i ∈ A and j ∈ B. Here, we find that the weak
ferromagnetic moment in the x direction (S cos θ > 0)
increases the population of spins in the−x direction when
JK > 0. Furthermore, H0 is also rewritten as
H0 = − t
∑
(i,j),σ
i∈A,j∈B
(a†iσbjσ + b
†
jσaiσ)− µ
[ ∑
i∈A,σ
a†iσaiσ
+
∑
j∈B,σ
b†jσbjσ
]
− µ0H
[∑
i∈A
(a†i↑ai↓ + a
†
i↓ai↑)
+
∑
j∈B
(b†j↑bj↓ + b
†
j↓bj↑)
]
.
(8)
Therefore, we obtain an expression
He =
∑
k
′ (
a†
k↑ b
†
k↑ a
†
k↓ b
†
k↓
)
Ek


ak↑
bk↑
ak↓
bk↓

 (9)
with 4× 4 matrix Ek defined by
Ek =


−µ− hz ǫk −hx 0
ǫk −µ+ hz 0 −hx
−hx 0 −µ+ hz ǫk
0 −hx ǫk −µ− hz

 (10)
and
ǫk ≡ −2t (coskx + cos ky)
hx ≡ µ0H − JKS cos θ
hz ≡ −JKS sin θ,
(11)
where k and
∑
k
′
are the sublattice momentum and the
summation over the first Brillouin zone of the sublattice
momentum space, respectively. The lattice constants are
taken as unity.
The eigenvalues of the matrix Ek are expressed as
ǫ˜k = −µ±
[
(ǫk ± hx)
2 + h2z
]1/2
. (12)
If the system is away from the half-filling and has
any pairing interactions, superconductivity occurs in the
renormalized electron system with the energy dispersion
relation described by eq. (12) [31].
The first plus or minus sign ± in eq. (12) corresponds
to the upper and lower bands which are divided by the
exchange field in the z direction. The band gap does
not affect the superconducting transition when the sys-
tem is away from the half-filling, whereas near the half-
filling, the mobile electron layer becomes an insulator
and the superconductivity does not occur when θ 6= 0,
i.e., |µ0H | < zJS.
The second plus or minus sign ± corresponds to the
split of the Fermi surfaces of up and down spin electrons
when the x-axis is taken as the quantization axis of the
spin space. This split causes the pair-breaking effect, and
as a consequence the upper critical field is bounded by the
Pauli paramagnetic limit. However, as shown in eq. (11),
the magnitude of hx can be smaller than |µ0H | due to
the cancellation of µ0H and the exchange field JKS cos θ.
From eqs. (3) and (11), the effective field Heff , such that
hx = µ0Heff , is
Heff = H
(
1−
JK
zJ
)
(13)
for |µ0H | ≤ zJS, and Heff = H − sign(H)JKS/|µ0| for
|µ0H | > zJS.
The superconductivity occurs when |Heff | < H
(0)
c (T ),
where H
(0)
c (T ) is the upper critical field (HP or an FFLO
critical field) in the absence of the exchange field at a
temperature T . Here, we assume that the antiferromag-
netic transition occurs at a higher temperature, and the
magnetic order can be regarded as a rigid background.
Therefore, for |µ0H | ≤ zJS, the superconductivity oc-
curs when
|H | < Hc ≡
H
(0)
c
|1− JK/zJ|
. (14)
Thus, Hc is the critical field when JKS < zJS − µ0H
(0)
c
or JKS > zJS+µ0H
(0)
c . On the other hand, for |µ0H | ≥
zJS, the superconductivity occurs when
JKS
|µ0|
−H(0)c < |H | <
JKS
|µ0|
+H(0)c . (15)
Therefore, we obtain the phase diagram shown in
Fig. 1. We have chosen the parameter |µ0|H
(0)
c /zJS =
0.2 as an example, which is consistent with our assump-
tion that the magnetic long-range or short-range order
exists at the superconducting transition temperature. It
3
is found that when JKS < zJS−|µ0|H
(0)
c the upper crit-
ical field is enhanced by the factor 1/(1 − JK/zJ) > 1,
but a field-induced transition is not obtained, in con-
trast to the Jaccarino and Peter mechanism. When
JK ∼ zJ , the critical field reaches a value of the order
of Hc ∼ zJS/|µ0| ∼ T
∗
AF/|µ0|. Here, T
∗
AF is a crossover
temperature at which antiferromagnetic fluctuations be-
gin to occur. In the absence of low-dimensional thermal
fluctuations, T ∗AF is of the order of the antiferromagnetic
transition temperature.
For strong Kondo coupling JKS > zJS + |µ0|H
(0)
c ,
we find a reentrant transition to a high-field phase in
addition to a low-field phase. For the high fields |µ0H | >
zJS, the present mechanism coincides with the original
Jaccarino and Peter mechanism, since the spin moments
are saturated.
0 1 2
–5
0
5
NN
N N
SC
JK / zJ
H
 / 
H
c(
0)
FIG. 1. Phase diagram on the JK/zJ and H/H
(0)
c plane
when |µ0|H
(0)
c /zJS = 0.2. The signs N and SC denote the
normal state and the superconductivity, respectively.
In conclusion, we find that the upper critical field is en-
hanced by the coupled antiferromagnetic layers due to a
cancellation effect of the external field and the exchange
field induced by the canted spin structure. In particu-
lar, when JK ∼ zJ , the system is almost free from the
paramagnetic pair-breaking effect for practical strengths
of the magnetic field. The critical field reaches a value
of the order of T ∗AF/|µ0|. If such an antiferromagnetic
quasi-two-dimensional metal is synthesized and exhibits
superconductivity, it can be a superconductor with an
extraordinarily high critical field.
The present phase diagram is very different from that
of the orignial Jaccarino and Peter mechanism for ferro-
magnetic metals. It is found that for small JK, a field-
induced superconductivity does not occur, whereas for
large JK, both the field-induced superconductivity and
the low-field superconductivity occur.
In the phase diagram, the metal-insulator transition is
not presented. However, for example, at the half-filling,
the system is an insulator with a canted spin structure
when |µ0H | < zJS. In this case, the phase diagram for
large JK is similar to that in the λ-(BETS)2FeCl4 com-
pound [15,32]. The spin moments on FeCl4 would create
an exchange field on the conduction hole band of the
two-dimensional network of the BETS molecules. The
hybrid ruthenate cuprate compounds are also possible
candidates due to their crystal structures.
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